Jung SR, Reed BJ, Sweet IR. A highly energetic process couples calcium influx through L-type calcium channels to insulin secretion in pancreatic ␤-cells. Am J Physiol Endocrinol Metab 297: E717-E727, 2009. First published July 7, 2009 doi:10.1152/ajpendo.00282.2009 ) influx is required for the sustained secretion of insulin and is accompanied by a large rate of energy usage. We hypothesize that the energy usage reflects a process [Ca 2ϩ /metabolic coupling process (CMCP)] that couples Ca 2ϩ to insulin secretion by pancreatic islets. The aim of the study was to test this hypothesis by testing the effect of inhibiting candidate Ca 2ϩ -sensitive proteins proposed to play a critical role in the CMCP. The effects of the inhibitors on oxygen consumption rate (OCR), a reflection of ATP usage, and insulin secretion rate (ISR) were compared with those seen when L-type Ca 2ϩ channels were blocked with nimodipine. We reasoned that if a downstream Ca 2ϩ -regulated site was responsible for the OCR associated with the CMCP, then its inhibition should mimic the effect of nimodipine. Consistent with previous findings, nimodipine decreased glucose-stimulated OCR by 36% and cytosolic Ca 2ϩ by 46% and completely suppressed ISR in rat pancreatic islets. Inhibitors of three calmodulin-sensitive proteins (myosin light-chain kinase, calcineurin, and Ca 2ϩ /calmodulin-dependent protein kinase II) did not meet the criteria. In contrast, KN-62 severed the connection between Ca 2ϩ influx, OCR, and ISR without interfering with Ca 2ϩ influx. In the presence of nimodipine or KN-62, potentiators of ISR, acetylcholine, GLP-1, and arginine had little effect on insulin secretion, suggesting that the CMCP is also essential for the amplification of ISR. In conclusion, a KN-62-sensitive process directly mediates the effects of Ca 2ϩ influx via L-type Ca 2ϩ
) influx is required for the sustained secretion of insulin and is accompanied by a large rate of energy usage. We hypothesize that the energy usage reflects a process [Ca 2ϩ /metabolic coupling process (CMCP)] that couples Ca 2ϩ to insulin secretion by pancreatic islets. The aim of the study was to test this hypothesis by testing the effect of inhibiting candidate Ca 2ϩ -sensitive proteins proposed to play a critical role in the CMCP. The effects of the inhibitors on oxygen consumption rate (OCR), a reflection of ATP usage, and insulin secretion rate (ISR) were compared with those seen when L-type Ca 2ϩ channels were blocked with nimodipine. We reasoned that if a downstream Ca 2ϩ -regulated site was responsible for the OCR associated with the CMCP, then its inhibition should mimic the effect of nimodipine. Consistent with previous findings, nimodipine decreased glucose-stimulated OCR by 36% and cytosolic Ca 2ϩ by 46% and completely suppressed ISR in rat pancreatic islets. Inhibitors of three calmodulin-sensitive proteins (myosin light-chain kinase, calcineurin, and Ca 2ϩ /calmodulin-dependent protein kinase II) did not meet the criteria. In contrast, KN-62 severed the connection between Ca 2ϩ influx, OCR, and ISR without interfering with Ca 2ϩ influx. In the presence of nimodipine or KN-62, potentiators of ISR, acetylcholine, GLP-1, and arginine had little effect on insulin secretion, suggesting that the CMCP is also essential for the amplification of ISR. In conclusion, a KN-62-sensitive process directly mediates the effects of Ca 2ϩ influx via L-type Ca 2ϩ channels on OCR and ISR, supporting the essential role of the CMCP in mediating ISR. oxygen consumption; calmodulin; islet; CALCIUM (Ca 2ϩ ) is the major intracellular determinant of insulin secretion, and glucose-stimulated secretion does not occur in the absence of extracellular Ca 2ϩ (12, 17) . Although many Ca 2ϩ -sensitive proteins have been identified in the ␤-cell, the exact mechanism mediating Ca 2ϩ 's effect on insulin secretion is unclear, and this void in knowledge represents a major hurdle in understanding the etiology of islet dysfunction in type 2 diabetes. An important clue as to how Ca 2ϩ stimulates insulin secretion may come from the intimate relationship between Ca 2ϩ , oxygen consumption rate (OCR), and insulin secretion rate (ISR). Blocking Ca 2ϩ influx by L-type Ca 2ϩ channels leads to a 35-40% reduction in glucose-stimulated OCR, a reflection of ATP turnover, and complete inhibition of glucose-stimulated insulin secretion (42, 45) . To explain this fundamental and intrinsic property of islets, we have hypothesized that the potent effects of Ca 2ϩ influx on OCR reflect an essential downstream and highly energetic process that couples Ca 2ϩ influx through L-type Ca 2ϩ channel with ISR. We have termed this process the Ca 2ϩ /metabolic coupling process (CMCP) and have sought to develop and test a conceptual model of its operation (Fig. 1) .
Our previous studies defining the relationship between cytosolic Ca 2ϩ , OCR, and ISR have identified three important features that contributed to the formulation of this model. First, Ca 2ϩ -sensitive OCR appears to depend more strongly on the usage of ATP rather than changes in the TCA cycle that contribute to ATP production. This is based on the finding that, when glucose-stimulated Ca 2ϩ influx was blocked by nimodipine or diazoxide, NADH and cytochrome c reduction (markers of metabolic rate in mitochondria) did not change significantly despite large changes in cytosolic Ca 2ϩ and OCR (42, 45) . This indicates that although Ca 2ϩ may effect TCA cycle activity (25) , this cannot be the major driving force mediating the sustained changes in Ca 2ϩ -sensitive OCR in islets. Likewise, it is also unlikely that Ca 2ϩ -mediated changes in mitochondrial volume thought to occur in response to increased K ϩ permeability make a large contribution to Ca 2ϩ -sensitive changes in OCR (15) . This is based on observations that islets respond to 30 mM KCl with an increase in both OCR and cytochrome c reduction (Gilbert M and Sweet IR, unpublished observations). Since blocking Ca 2ϩ influx does not affect cytochrome c reduction, K ϩ -induced changes in cytochrome c reduction must not be involved. Consistent with the scenario that energy usage mediates the effect, ATP/ADP ratio, a known inhibitor of OCR in mitochondria (5), was reciprocally related to alterations in Ca 2ϩ influx brought about by blockers and activators of L-type Ca 2ϩ channels (8). It is not yet known what Ca 2ϩ -sensitive processes are utilizing the bulk of the ATP, but some expected candidates do not appear to make a significant contribution. Ca 2ϩ influx by the channels is a non-energy-dependent process, indicating that the ATP usage corresponding to the OCR must be caused by a process triggered by Ca 2ϩ . The amount of ATP used in secretion of insulin makes only a minor contribution to overall ATP turnover in the islets (45) as an agent that activates protein kinase C [12-O-tetradecanoylphorbol 13-acetate (TPA)] or inhibits cAMP phosphodiesterase activity [3-isobutyl-1-methylxanthine (IBMX)] (thereby stimulating cAMP-dependent pathways such as protein kinase A), increasing ISR but having no effect on OCR (14, 45 Second, Ca 2ϩ -sensitive OCR, but not total glucose-stimulated OCR or ATP/ADP in the ␤-cell (9), is strongly correlated with glucose-stimulated ISR across the entire range of glucose concentrations (45) . This does not prove causality, but no instances where sustained insulin secretion occurred in the absence of activation of Ca 2ϩ -sensitive OCR have been observed (14, 45) . The obligatory increase in ATP/ADP that is well established to be essential for insulin secretion is nearly saturated above 12 mM glucose (9), whereas insulin secretion is most sensitive to changes between 12 and 20 mM glucose (45) .
Third, activation of Ca 2ϩ -sensitive OCR (i.e., the CMCP) is under dual control by a metabolic factor and Ca 2ϩ influx exclusively via L-type Ca 2ϩ channels (14) . Ca 2ϩ release from the endoplasmic reticulum has only a relatively minor contribution to OCR and ISR (14, 45) . These findings are consistent with the notion that microdomains around the L-type Ca 2ϩ channel provide preferential access to exocytotic sites (3, 28, 38) or regulatory proteins (47) , bestowing greater efficacy on ISR than Ca 2ϩ derived from other sources. Taken together, these data support the scenario that a Ca 2ϩ -sensitive process, which utilizes large amounts of energy, is an essential regulatory factor in determining ISR (14) . We have endeavored in this study to provide further support that 1) the CMCP is operational in the islet and 2) the operation of the CMCP is essential for insulin secretion. The strategy taken was to measure OCR and ISR in the presence of blockers of proposed Ca 2ϩ -dependent proteins. If the CMCP is indeed downstream of Ca 2ϩ influx via L-type Ca 2ϩ channels, then data obtained in the presence of the inhibitor should satisfy two criteria: the inhibitor will mimic the effects of nimodipine on OCR and ISR, independent of effects on Ca 2ϩ turnover, and in the presence of nimodipine, no effect of the blocker will be seen. 
MATERIALS AND METHODS
Chemicals. Krebs-Ringer bicarbonate (KRB) solution supplemented with 0.1% fraction V bovine serum albumin (BSA; SigmaAldrich, St. Louis, MO) and 1% penicillin-streptomycin-fungizone (Invitrogen, Carlsbad, CA) was used for the perifusion experiments and was made up as described previously (45) . Antimycin A, carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), KN-62, nimodipine, tacrolimus (FK-506), S(Ϫ)-Bay K 8644, glucagon-like peptide-1 (GLP-1), arginine, acetylcholine, potassium cyanide (KCN), and diazoxide were purchased from Sigma-Aldrich. ML-7, cellpermeable autocamtide-2-related inhibitory peptide II (AIP2), and myristoylated AIP were from EMD Biosciences (Gibbstown, NJ), and fura 2-AM and 20% pluronic F-127 were from Invitrogen. 45 Ca 2ϩ was purchased from PerkinElmer (Boston, MA).
Rat islet isolation and culture. Islets were harvested from SpragueDawley rats (Ϸ250 g; Charles River) and anesthetized by intraperitoneal injection of pentobarbital sodium (150 mg/kg rat). All procedures were approved by the University of Washington Internal Animal Care and Use Committee. Islets were prepared and purified as described (26, 42) and then cultured for 18 h in a 37°C/5% CO 2 incubator prior to the experiments in RPMI medium 1640 supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen).
Measurement of OCR and ISR. A flow culture system containing 600 -750 islets in each of two chambers that concomitantly measures OCR while collecting outflow fractions for subsequent measurement of ISR was used (described previously in Refs 42, 44, and 46) . OCR was calculated as the flow rate (80 -90 l/min) times the difference between inflow and outflow oxygen tension measured by detecting the phosphorescence lifetime (Tau Theta) of an oxygen-sensitive porphyrin dye that was painted on the inside of the perifusion chamber (45). (18) proposed that influx of Ca 2ϩ triggers the release of insulin. Into this framework, we define a CMCP that reflects the large energy (ATP) usage that occurs upon activation of both Ca 2ϩ influx through L-type Ca 2ϩ channels and metabolic rate (as depicted by the circular symbol denoting summation of the 2 input signals). The model reflects the observation that energy usage associated with amplification and exocytosis of secretory granules is small, and, like triggering of Ca 2ϩ influx, activation of the CMCP is essential for insulin secretion to occur. The hypothesis was tested in this study by screening inhibitors of Ca 2ϩ -sensitive kinases for their ability to mimic the effects of nimodipine on insulin secretion rate (ISR) and oxygen consumption rate (OCR) without affecting Ca 2ϩ influx. In addition, the absolute dependency of ISR on CMCP activation was tested by measuring the potentiation of ISR by glucagon-like peptide-1 (GLP-1), acetylcholine (Ach), and arginine (Arg) in the presence of nimodipine or 1-[N,O-bis-(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine (KN-62) (see text for more detailed description of model and study design).
Insulin was measured by ELISA per the manufacturer's instructions (Mercodia).
Imaging and quantification of cytosolic Ca 2ϩ . Cytosolic Ca 2ϩ was measured as reflected by fluorescence detection of fura 2-AM (Invitrogen) after islets were incubated in 2 M fura 2-AM and 0.02% pluronic acid for 40 -50 min in a 37°C/5% CO 2 incubator. Subsequently, the islets were pipetted into a temperature-controlled, 250-l perifusion dish (Bioptechs, Butler, PA) that was mounted onto the stage of a Nikon Eclipse TE-200 inverted microscope, and KRB (containing 5 mM NaHCO 3) was pumped through the dish at a flow rate of 150 l/min. Fluorescent emission was detected at 510 nm by a Photometrics Cool Snap EZ camera (Photometrics, Tucson, AZ) during alternating excitation at either 340 or 380 nm. Results are displayed as the ratio of the fluorescent intensities during excitation at these two wavelengths (F340/F380).
Imaging and quantification of NAD(P)H. NAD(P)H autofluorescence was measured similarly to Ca 2ϩ , except there was no need for loading with dye, and the excitation and emission wavelengths were 360 and 460 nm, respectively. To calibrate the relative fluorescence units (RFU), at the end of the experiments the steady-state RFU in the presence of 3 mM KCN/20 mM glucose and subsequently 10 M FCCP/3 mM glucose was measured. The normalized fluorescence of NAD(P)H was then calculated as
where RFUFCCP and RFUKCN equaled the average of the final 10 time points where each agent was present. Measurement of Ca 2ϩ influx. Ca 2ϩ influx was measured by first preincubating islets in KRB containing 3 mM glucose for 60 min in a 37°C/5% CO 2 incubator. Subsequently, islets were picked into 12 ϫ 75-mm test tubes containing 90 l of KRB (with 0.5 mM Ca 2ϩ ) and indicated additions (except 20 mM glucose) and incubated for 30 min, and then 10 l of 45 Ca 2ϩ (1 Ci) was added by use of a repeater pipette. For islets that were to be exposed to 20 mM glucose, the supplemental glucose was added immediately (within 1 min) after the 45 Ca 2ϩ so that the Ca 2ϩ influx measurement would include the initial stimulation by high glucose. At ϳ14 min after addition of 45 Ca 2ϩ , the islet suspension was transferred to 0.4-ml centrifuge tubes containing 100 l of an oil mixture, and then the free and the cell-associated radioactivity were separated at exactly 15 min by spinning the islets through the oil layer and counting, as has been described previously (43) .
Static measurement of ISR. ISR was determined statically with multiple conditions, as described previously (30) . Briefly, islets were handpicked into a petri dish containing KRB, 0.1% BSA, and 3 mM glucose and incubated at 37°C/5% CO 2 for 60 min. Subsequently, islets were picked into wells of 96-well plates containing desired amounts of glucose and agents as indicated and incubated for an additional 60 min. At the end of this period, supernatant was assayed for insulin. For solutions containing 10 mM arginine, the pH was adjusted back to 7.4 by the addition of HCl.
Selection of inhibitor concentrations. Inhibitor concentrations were selected to be Ն20 times greater than the IC 50. In previous studies, the IC50 for AIP2, ML-7, and FK-506 have been determined to be 4 (20) , 400 (22) , and 1 nM (39), respectively.
Perifusion protocols and data analysis. The basic protocol for the OCR, ISR, Ca 2ϩ , and NAD(P)H perifusion experiments entailed a 90-min baseline period at 3 mM glucose, followed by stimulation with 20 mM glucose (45 min). The subsequent steps in the protocols involved the addition of effectors at intervals of 45 min or as indicated. All perifusion data were then displayed as the change relative to baseline, calculated as the average of values obtained between Ϫ15 and 0 min (Figs. 2, 3 , 5, 6, 7, and 9), and represent the average Ϯ SE. In addition, steady-state changes induced by the first and second effectors were calculated from these kinetic data by taking the difference between average of the final 15 min of each subsequent period. Statistical significance (P values) for steady-state results were generated from Student's paired t-tests (using Excel; Microsoft, Redmond, WA), and for static insulin release and Ca 2ϩ influx results (Figs. 4 and 8) , ANOVA with a post hoc Bonferonni test was carried out (using Kaleidagraph; Synergy Software, Reading, PA).
RESULTS

Activation of Ca 2ϩ influx via L-type Ca 2ϩ channels stimulates oxidative metabolism in islets.
We (42) and others (32) have demonstrated previously that closure of ATP-sensitive channel activity, independent of the K ATP channel-induced depolarization, is tightly coupled to changes in ATP usage and ISR (42, 45) , we measured the effects of directly activating L-type Ca 2ϩ channels using the combination of diazoxide and Bay K 8644. The protocol involved first establishing a baseline at 3 mM glucose, followed by an increase to 20 mM, and then L-type Ca 2ϩ channels were deactivated by hyperpolarizing the ␤-cell membrane potential with 50 M diazoxide, an agent that opens K ATP channels. All four measured parameters, cytosolic Ca 2ϩ , NAD(P)H, OCR, and ISR, increased in response to the change in glucose concentration (Fig. 2) . It should be noted that for the flow systems used for the OCR and ISR measurements, as well as the imaging system for Ca 2ϩ and NAD(P)H, the temporal resolution is limited to ϳ3-4 min due to mixing in the tubing and chamber. Therefore, differences in the initial rapid responses to glucose between these four parameters cannot be resolved, including first-phase insulin secretion release. Therefore, in this study, conclusions are based primarily on the steady-state responses. For all measurements made at 3 and 20 mM glucose (n ϭ 46), steady-state values of OCR were 0.39 Ϯ 0.027 and 0.74 Ϯ 0.032 nmol ⅐min Ϫ1 ⅐100 islets
Ϫ1
(means Ϯ SE), and steady-state values of ISR were 0.17 Ϯ 0.030 and 2.48 Ϯ 0.20 ng ⅐min Ϫ1 ⅐100 islets Ϫ1 , respectively. In response to diazoxide, Ca 2ϩ transiently decreased by 38% and, in response to 10 M Bay K 8644, increased and remained above glucose-stimulated levels (Fig. 2) . In parallel experiments, OCR decreased by 0.061 Ϯ 0.006 nmol ⅐ min Ϫ1 ⅐100 islets Ϫ1 (P Ͻ 0.005) and ISR by 92 Ϯ 2% (P Ͻ 0.005) due to the prevention of voltage-dependent Ca 2ϩ influx by diazoxide (Fig. 2) . Subsequent activation of Ca 2ϩ influx by Bay K 8644 reversed diazoxide's inhibition of both OCR and ISR [OCR increased by 0.069 Ϯ 0.01 nmol ⅐min Ϫ1 ⅐100 islets Ϫ1 (P Ͻ 0.005), and ISR returned to 63% of its stimulated level (P Ͻ 0.05)]. Thus, Ca 2ϩ influx through L-type Ca 2ϩ channels and OCR is tightly coupled, and we have termed this relation CMCP. To test whether the CMCP was driven by changes in TCA cycle activity, NAD(P)H was measured as a reflection of energy production. Glucose elicited a 35% increase in NAD(P)H (Fig. 2) , whereas NAD(P)H was unaffected by either compound, precluding the possibility that Ca 2ϩ is driving the changes in OCR by increasing TCA cycle activity.
Three blockers of calmodulin-sensitive proteins did not interact with nimodipine's mechanism of action. To demonstrate that the CMCP is a downstream target of Ca 2ϩ entry, the effects of several inhibitors of Ca 2ϩ -sensitive regulatory proteins were tested. On the basis of previous studies indicating that CaMKII is an important mediator of insulin secretion (11), we first endeavored to test whether the suppression of OCR and ISR by nimodipine was mediated by this protein. Islets were exposed to 1 M AIP2, an agent that inhibits autophosphorylation (and therefore the activation) of CaMKII (20) . This inhibitor did decrease OCR slightly [steady-state ⌬OCR was Ϫ0.053 Ϯ 0.008 nmol ⅐min Ϫ1 ⅐100 islets Ϫ1 (n ϭ 4, P Ͻ 0.05)] but did not decrease ISR [steady-state ⌬ISR was 1.36 Ϯ 0.72 ng⅐min Ϫ1 ⅐100 islets Ϫ1 (n ϭ 4, not significant)] (kinetic data not shown). In addition, the decrement in OCR and ISR induced by subsequent exposure to nimodipine was not diminished in the presence of AIP2, indicating a mechanism of action of AIP2 that was independent from that mediating the effects of Ca 2ϩ influx. Similar results were obtained with a myristoylated form of AIP (data not shown). Using identical protocols, blockers of two other Ca 2ϩ -sensitive proteins that had previously been suggested as playing a role in insulin secretion (33, 35) , myosin light-chain kinase (10 M ML-7) and calcineurin (10 M FK-506), were assessed, but neither had any effect on ISR, nor did they prevent nimodipine's inhibition of OCR (data not shown). Thus, blockers of CaMKII, myosin light-chain kinase, and calcineurin did not affect pathways mediating the effects of nimodipine.
KN-62 mimicked the effects of blocking L-type Ca 2ϩ channels on glucose-stimulated OCR and ISR.
We next tested the effects of KN-62, a blocker of calmodulin-dependent kinases that in previous studies potently inhibited insulin secretion (1, 23, 29) . As expected, KN-62 inhibited ISR in a dose-dependent fashion, but notably, OCR decreased in parallel with similar sensitivity (Fig. 3) . To test the possibility that KN-62's mechanism of action is simply via inhibition of Ca 2ϩ influx, measurements of glucose-stimulated Ca 2ϩ uptake in the presence of nimodipine (5 M) or KN-62 (10 M) were made (Fig. 4) . Blocking L-type Ca 2ϩ channels with nimodipine reduced glucose-stimulated influx by 81% (P Ͻ 0.001), whereas KN-62 had no effect. Thus, it appeared that KN-62 had similar effects on OCR and ISR as nimodipine but without acting on Ca 2ϩ channels in the plasma membrane.
To rigorously compare the effects of nimodipine and KN-62, experiments were carried out with matching protocols. At a concentration of KN-62 that completely inhibited ISR (10 M), glucose-stimulated OCR was decreased by 0.11 Ϯ 0.011 nmol ⅐min Ϫ1 ⅐100 islets Ϫ1 (n ϭ 8, P Ͻ 0.005; Fig. 5A ), an amount comparable with the decrease observed with nimodipine (0.13 Ϯ 0.011 nmol ⅐min Ϫ1 ⅐100 islets Ϫ1 , n ϭ 4, P Ͻ 0.005; Fig. 5B ). Both agents potently inhibited ISR, 91 vs. 93% for KN-62 and nimodipine, respectively, whereas neither agent had an effect on NAD(P)H, ruling out inhibition of metabolism by the TCA as the driving force for the decrease in OCR. To fully test whether KN-62 was acting through a mechanism common to the effect of blocking L-type Ca 2ϩ channels, nimodipine was applied subsequent (Fig. 5A ) and prior to KN-62 treatment (Fig. 5B) . Importantly, in the presence of nimodipine, the effect of KN-62 on OCR was reduced by 85%, and in the presence of KN-62 the effect of nimodipine on OCR was reduced by 65%, suggesting that KN-62 blocked a downstream target of Ca 2ϩ . Despite the fact that no effect of KN-62 on Ca 2ϩ influx was observed, KN-62 did have a minor effect on cytosolic Ca 2ϩ , albeit only a small percentage relative to the actions of nimo- dipine and diazoxide. To test whether a change in Ca 2ϩ of this magnitude could contribute to the effect of KN-62 on OCR and ISR, we assessed the effect of nimodipine at a concentration that elicited a slightly bigger change in Ca 2ϩ than that produced by KN-62. After islets with 20 mM glucose were stimulated, the decrement in cytosolic Ca 2ϩ in response to 10 nM nimodipine was 35% greater than that caused by KN-62 (Fig. 6A) . At this concentration of nimodipine, the agent had no detectable affects on OCR and ISR (Fig. 6B) . Subsequent administration of 5 M nimodipine demonstrated the necessity of more substantial decreases in cytosolic Ca 2ϩ for the inhibition of the Ca 2ϩ -dependent OCR and ISR to occur.
At basal glucose levels (3 mM), which are associated with only minimal L-type Ca 2ϩ channel activity, KN-62 and nimodipine had only small effects on Ca 2ϩ , OCR, and ISR (Fig. 7, A and B) . In the presence of KN-62 for 45 min, 20 mM glucose increased OCR by 0.31 Ϯ 0.02 nmol ⅐min Ϫ1 ⅐100 islets Ϫ1 (n ϭ 3), which was 79% of that elicited by glucose in the absence of KN-62. The kinetics of the Ca 2ϩ response to glucose in the presence of KN-62 appeared normal. Note that the magnitude of the increase is not directly interpretable due to intrinsic interexperimental variability of fluorescence. KN-62 blocked ISR in response to 20 mM glucose, and, as in Fig. 5A , the subsequent addition of nimodipine had only a small effect on OCR with KN-62 present. In summary, KN-62 was able to mimic the action of L-type Ca 2ϩ channel blockade on OCR and ISR without significantly affecting Ca 2ϩ influx, and these actions are not explained by the small changes in cytosolic Ca 2ϩ that were observed.
KN-62 mimicked the effects of blocking L-type Ca 2ϩ channels on potentiation of insulin secretion.
In addition to suppressing glucose-stimulated ISR, blocking L-type Ca 2ϩ channels also prevents the potentiation of insulin secretion by acetylcholine (14) , GLP-1 (24), arginine (27) , and KCl (31) . To further test our hypothesized role of the CMCP in the control of ISR, the ability of nimodipine and KN-62 to interfere with potentiation of ISR by these agents was assessed by static assays of ISR (Fig. 8, A and B) . As can be seen, all four agents amplified glucose-stimulated ISR as expected, but similar to nimodipine, these effects were abolished by pretreatment of the islets with KN-62. Thus, the potentiation of ISR induced by acetylcholine, GLP-1, and arginine is dependent on a step inhibited by KN-62, demonstrating the essentiality of activating CMCP for sustained ISR to occur. However, in contrast to the ability of KN-62 to prevent the KCl potentiation of ISR, pretreatment with KN-62 did not significantly block stimulation of ISR by an agonist of L-type Ca 2ϩ channel Bay K 8644 (Fig. 8B) .
Stimulatory effect of Bay K 8644 on OCR and ISR observed in the presence of KN-62.
To further investigate the unexpected ability of Bay K 8644 to override the inhibitory effects of KN-62 on ISR, the kinetics of OCR, Ca 2ϩ , and ISR were measured in response to Bay K 8644 and subsequently nimodipine in the presence of KN-62 (Fig. 9) . After recapitulating the inhibitory effects of KN-62 on OCR and ISR, Bay K 8644 stimulated all three measured parameters in the presence of KN-62. However, despite the ability of Bay K 8644 to override the effects of KN-62, nimodipine subsequently reversed Bay K 8644's effects. In summary, KN-62 can block downstream effects of Ca 2ϩ influx, including KCl's effects on increased Ca 2ϩ influx, but its effects can be overridden by Bay K 8644. This suggests that Bay K 8644's actions are mediated by a mechanism that is more involved than simply increasing Ca 2ϩ influx, but the concomitant increase in OCR and ISR by Bay K 8644 provides further support that activation of the CMCP is imperative for the stimulation of sustained insulin secretion.
DISCUSSION
A novel model relating Ca 2ϩ
, energy usage, and insulin secretion. Ca 2ϩ influx through L-type Ca 2ϩ channels is essential for glucose-stimulated insulin secretion (18) . To under- . A: islets were perifused in the presence of 3 mM glucose for 90 min. Glucose was increased to 20 mM at time 0, and at 45 min, nimodipine (10 nM), KN-62 (10 M), or control solution was applied. Subsequently, at 90 min, 5 M nimodipine was applied to the islets that had received the test agents. Cytosolic Ca 2ϩ is plotted as the fractional change relative to stimulation by 20 mM glucose. Each curve represents the average of multiple perifusions (n ϭ 3, control; n ϭ 4, nimodipine; n ϭ 5, KN-62). B: for measurements of OCR and ISR, conditions were as described in the legend of Fig. 2 , except that the protocol used involved applying 10 nM and 5 M nimodipine at 45 and 90 min, respectively. stand how Ca 2ϩ 's actions on insulin secretion are mediated, we have focused previously on the effect of Ca 2ϩ influx on OCR (45) . Remarkably, about 35-40% of glucose-stimulated OCR is directly linked to the influx of Ca 2ϩ through L-type Ca 2ϩ channels, a process that by itself does not utilize energy, whereas about 25% is linked to protein synthesis (45) . Contrary to expectations, the exocytosis of insulin granules does not contribute significantly to the Ca 2ϩ -dependent OCR (10, 45) . Since protein synthesis is not sensitive to Ca 2ϩ , and ion pumping by Na ϩ -K ϩ and SERCA pumps was not found to contribute significantly to the effect of Ca 2ϩ influx, the mechanism mediating the usage of energy by this Ca 2ϩ -sensitive process remains unidentified. On the basis of these considerations, we postulated previously that Ca 2ϩ -sensitive OCR reflects a highly energetic biochemical cascade that couples Ca 2ϩ influx to insulin secretion (14) and have termed this process CMCP until its underlying mechanism can be identified (Fig. 1) . The major findings of the present study provide further support for this cascade in islets by demonstrating that an inhibitor of calmodulin-dependent proteins, KN-62, mimicked the effects of L-type Ca 2ϩ channel blockade on both ISR and OCR by a mechanism independent of Ca 2ϩ turnover. These findings provide further support for the conceptual model proposed based on the results of our previous studies ( Fig. 1) (14) , which depict the KN-62-sensitive CMCP activated exclusively by Ca 2ϩ entering through L-type Ca 2ϩ channels, which in turn increases OCR and ISR. Importantly, our data support the absolute requirement for activation of CMCP for significant ISR to occur since KN-62 blocked ISR even in the presence of potentiators of glucose-stimulated ISR such as GLP-1, arginine, and acetylcholine.
KN-62 inhibited an energy-requiring step downstream of L-type Ca
2ϩ channels. The design to test the CMCP hypothesis was based on the stipulation that blocking a downstream target of Ca 2ϩ influx via L-type Ca 2ϩ channels would mimic the effect of blocking L-type Ca 2ϩ channels on OCR and ISR. Of the four inhibitors tested, KN-62, a compound whose major action is best recognized as a blocker of CaMKII (19) , uniquely satisfied these criteria; inhibition of OCR and ISR by KN-62 and nimodipine was similar, and after pretreatment with the other agent, the effects of nimodipine or KN-62 on OCR and ISR were minimal. The effect of diazoxide on OCR was slightly less than that of nimodipine. However, a lower concentration of diazoxide than what is typical to avoid its inhibitory effect on F 0 F 1 ATPase synthesis was used (6) . Central to the validity of the study, KN-62 had little effect on Ca 2ϩ influx in the intact rat islets used in our study. The influx of Ca 2ϩ as measured by the uptake of 45 Ca 2ϩ does underestimate the rate of influx since some of the 45 Ca 2ϩ leaks out during the accumulation of tracer, and therefore, it is not a true unidirectional flux. However, the method was chosen so that the experiments could be done with intact islets under conditions closely matching those that were used for the OCR measurements, and the clear demonstration of a nimodipine effect validated the approach.
It should be noted that three previous studies have reported that KN-62 leads to a decrease in Ca 2ϩ influx (1, 2, 23 ). Using patch clamping on single mouse islet cells, studies by Ammälä et al. (1) found that Ca 2ϩ influx was reduced by 50% during the 10-s duration of the experiment. A previous study in HIT cells showed an effect of KN-62 on Ca 2ϩ influx through L-type Ca 2ϩ channels (23) . However, 1 M KN-62 completely inhibited nutrient-and KCl-stimulated Ca 2ϩ rise and insulin secretion in the study, a concentration that had little effect on ISR by the rat islets in our experiments. So it appears that HIT cells are particularly sensitive to KN-62. In studies conducted by Bhatt et al. (2), 10 M KN-62 suppressed KCl-induced increases in cytosolic Ca 2ϩ by INS-1 cells. Despite the fact that these studies suggested that there might be an effect of KN-62 on Ca 2ϩ turnover in rat islets, we observed no effect of KN-62 on Ca 2ϩ influx, and we observed only an effect on cytosolic Ca 2ϩ that was small compared with that induced by maximally effective concentrations of nimodipine. Importantly, this small effect on cytosolic Ca 2ϩ was unlikely to account for the similar effects of the two agents on OCR and ISR since these parameters remained unchanged in the face of slightly bigger decreases in cytosolic Ca 2ϩ induced with low concentrations of nimodipine. This being the case, our results demonstrate the existence of a molecular target of Ca 2ϩ that couples the effect of Ca 2ϩ through L-type Ca 2ϩ channels on OCR and ISR independently of Ca 2ϩ turnover and support the existence of the CMCP.
Potentiation of insulin secretion stimulated by acetylcholine, GLP-1, and arginine downstream of CMCP. Similar to Ca 2ϩ influx through L-type Ca 2ϩ channels, the KN-62-sensitive step was also essential for insulin secretion to occur in the presence of strong potentiators of insulin secretion. Thus, KN-62 abolished ISR in the presence of acetylcholine, GLP-1, or arginine. Acetylcholine and GLP-1 are thought to act by altering the efficacy with which cytosolic Ca 2ϩ stimulates insulin secretion (18) . Despite the lack of understanding of how amplification occurs, our data suggest that the CMCP is linked to the triggering of insulin secretion rather than amplification. Amplification of insulin secretion by activation of protein kinase C (by TPA) or cAMP-dependent signals such as protein kinase A (by IBMX) occurs in the absence of changes in OCR (10, 14, 45) . However, KN-62 mimics both the OCR and ISR effects of blocking L-type Ca 2ϩ channels, and amplification is ineffectual in the absence of triggering. Therefore, KN-62 is blocking a step downstream of the triggering step by L-type Ca 2ϩ channels but upstream of amplification.
Bay K 8644 has multiple mechanisms of action on islet CMCP. In contrast to stimulation of ISR by KCl, which was fully inhibited by KN-62, Bay K 8644 stimulation of OCR and ISR overcame the inhibitory effects of KN-62. This indicates that Bay K 8644 has two effects, one to increase Ca 2ϩ influx by its known interaction with the dihydropyridine binding site on the L-type Ca 2ϩ channel (50) and one that prevents KN-62 action. This could occur if Bay K 8644 affected separate proteins, each of which would carry out these roles, or, alternatively, Bay K 8644 binding to the L-type Ca 2ϩ channel has two or more actions. To clarify, although taken singly, the inability of KN-62 to block Bay K 8644 could be interpreted as inconsistent with the concept of the CMCP. However, in the -dependent protein kinases (11), calcineurin (35) , and, more recently, synaptotagmins (13) . Our view is that characterization of functional correlates like Ca 2ϩ -sensitive OCR and sensitivity to KN-62 and Bay K 8644 provides critical evidence that will allow for positive identification of the protein or proteins that comprise the Ca 2ϩ sensor and the CMCP. However, despite intensive study (1, 2, 23, 29, 37, 48) , the mechanism mediating KN-62's inhibitory effect on insulin secretion remains unresolved. Some studies have suggested a significant role for CaMKII, consistent with the known action of KN-62 on this enzyme (11, 48 ). Accordingly, we tested another blocker of CaMKII, AIP2, but in contrast to KN-62, it increased ISR. It is important to note that, despite the common referral of KN-62 in the literature as a CaMKII inhibitor (19) , the blocker appears to target a number of calmodulin-dependent and calmodulin-independent proteins such as CaMKIV and -V (19), glycogen synthase kinase 3b, p38-regulated/activated kinase, and mitogen-activated protein kinase-activated protein kinase 2 (7). We also cannot rule out the possibility that the actions of KN-62 are being mediated by other calmodulin-binding proteins such as adenylyl cyclases (16) or actin polymerization (49) , whose sensitivity to KN-62 is not known, or an effect unrelated to calmodulin binding. A known calmodulin-independent effect of KN-62 is inhibition of P2 purinergic receptors (40) , an effect that has been shown to decrease cytosolic Ca 2ϩ (34) . However, interaction with this receptor is unlikely to be mediating KN-62's effects on ISR and OCR, since the decrease in Ca 2ϩ concentration caused by KN-62 was not high enough to elicit changes in these two parameters. Another potential mediator of Ca 2ϩ 's effect on OCR and ISR is pumping Ca 2ϩ out of the cell by plasma membrane Ca 2ϩ ATPase (PMCA), the rate of which may also be activated by calmodulin (41) . To determine the contribution of PMCA to Ca 2ϩ -sensitive OCR, it would be ideal to acutely block PMCA activity. However, no specific inhibitors exist. Thus, the data in this study demonstrate that the CMCP is sensitive to KN-62, and this sensitivity can be overcome by Bay K 8644, but the identity of the protein(s) that mediates the CMCP remains unknown.
High-energy usage an intrinsic control feature of insulin secretion. A basic model of triggering and amplification of insulin secretion by Henquin (18) has postulated that an increase in cytosolic Ca 2ϩ is an essential factor enabling the stimulation of insulin secretion to occur and the efficacy of the cytosolic Ca 2ϩ to be amplified. Our working model ( Fig. 1 ) expands on this model by incorporating the energy usage associated with the activation of the secretory process. Indeed, high-energy usage is an intrinsic characteristic of the ␤-cell but one whose contribution to secretory function remains unknown. Islets receive 10% of the pancreatic blood flow (21) despite comprising only 1-2% of the mass (4). The high usage of energy may make the islets susceptible to overstimulation, which has been imputed as a major factor in loss of islet function in type 2 diabetes (36) . Thus it will be critical to understand the role of energy usage in addition to ATP generation to elucidate how ␤-cells operate and the factors that contribute to their failure in type 2 diabetes. The data generated in this study of KN-62 actions provide further support that the processes of Ca 2ϩ influx, a metabolic factor, and insulin secretion are coupled by a highly energetic process that is essential for amplification of insulin secretion to occur.
